Abstract-To enhance the power quality in distributed generation (DG) systems even under distorted grid, a high performance current control scheme of a grid-connected inverter is presented. The proposed scheme is achieved through the model decomposition of inverter voltage equations into the fundamental and harmonic components. Based on the derived models, the harmonic components are regulated by the predictive control approach to suppress undesired harmonic components quickly. To design the harmonic current controller separately, the harmonic components are extracted through the fourth order band pass filter (BPF). To demonstrate the validity of the proposed current control scheme, a laboratory prototype grid-connected inverter has been constructed using digital signal processor (DSP) TMS320F28335 based controller. The effectiveness of the proposed scheme is proved through comparative simulation and experimental results.
INTRODUCTION
Over the last ten years, there has been an increasing interest in the renewable energy sources because of the worldwide energy crisis created by the depletion of fossil energy and the greenhouse gas emission limit. Among various renewable energy resources connected to the electrical grid, wind power generation is recognized as the most competitive and economic one, which leads to a rapid growth in the global wind power generation capacity [1] , [2] .
In a variable-speed permanent magnet synchronous generator (PMSG) based wind power system, a back-to-back converter is generally located between the generator and grid to convert the generator output power in variable voltage and frequency to the fixed voltage and frequency of grid.
The back-to-back converter consists of two power electronics converters. One is the three-phase converter to convert the generated AC power into DC power and the other is the grid connected inverter to convert the DC power into AC power in grid frequency. Whereas the three-phase converter controls the generator speed to draw the maximum output power from wind turbine, the grid connected inverter controls the frequency and active/reactive powers for grid connection.
As the level of wind energy penetration in the electrical power system is increased, the improvement of power quality has become a very important issue in distributed generation (DG) systems. The harmonic pollution caused by nonlinear loads in electrical networks brings about distorted grid voltage, power losses and heating in the electrical equipment [3] . To limit the amount of harmonic current injected into utility grid to be below the specified values, the harmonic restriction standards such as IEEE-519 or IEC 61000-3-2 have been published [4] .
When the generated electrical energy from renewable energy resources is delivered to grid through the gridconnected inverter, the inverter should provide fast response, zero steady-state error, and robustness to disturbance. In addition, the grid-connected inverter should effectively compensate the harmonic, imbalance, and reactive power. Traditionally, the simple PI control is employed to control the grid-connected inverter. Using the PI controller, however, the disturbance due to the harmonics under the distorted grid cannot be effectively compensated.
There have been various research works on the power quality improvement of DG systems such as harmonic compensation or elimination strategies. The harmonic compensation scheme using the PI control in the rotating reference frame of each harmonic frequency has been proposed [3] - [5] . These harmonic controllers are designed to compensate each harmonic term selectively. Another schemes use the repetitive control [6] or sliding mode control [7] to suppress undesired harmonic components. The sliding mode control scheme has good disturbance rejection and robustness even under the distorted grid condition. However, this scheme inherently shows the undesired chattering problems, making the DG system have low power quality. The repetitive control scheme often gives slow response and performance degradation in disturbance rejection under nonperiodic harmonics because of the delay requirement.
To enhance the power quality of DG system such as wind power, a current control scheme of a grid-connected inverter is presented in this paper. The proposed scheme is achieved through the model decomposition of inverter voltage equations into the fundamental and harmonic components.
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Based on the derived models, the harmonic components are regulated by the predictive control approach to suppress undesired harmonic components quickly. Thus, a current control performance can be significantly improved even in the presence of distorted grid condition. To verify the effectiveness of the proposed harmonic suppression scheme, a laboratory prototype grid-connected inverter has been constructed using digital signal processor (DSP) TMS320F28335 [8] . The current control performance of the proposed scheme has been proven through comparative simulations and experimental results. Fig. 1 shows the configuration of a grid-connected inverter in DG systems such as a wind power system [9] . The grid-connected inverter is generally located between the generator and grid to convert the generator output power in variable voltage and frequency to the fixed voltage and frequency of grid. Fig. 2 shows a grid-connected inverter in DG system. Considering the utility grid and the output of a three-phase voltage source inverter as ideal voltage sources, the voltage equations of a grid-connected inverter in the synchronously rotating reference frame can be expressed as follows: . (2) where u qs and u ds are the q-axis and d-axis inverter output voltages, respectively, e qs and e ds are the q-axis and d-axis grid voltages, respectively, i qs and i ds are the q-axis and daxis inverter currents, respectively, L is the filter inductance, R is the filter resistance, ω is the grid angular frequency, and p is the differential operator.
II. INVERTER MODEL

III. PROPOSED HARMONIC COMPENSATION
To improve the power quality of a DG system even under distorted voltage condition, the harmonic current components should be compensated in the output of a gridconnected inverter. Generally, the harmonic components in DG system are not significant as compared with the fundamental component. However, using the conventional PI current controller, the current regulation as well as the suppression of undesired harmonic components cannot be achieved at the same time. To overcome this limitation in this paper, the voltage equations of a grid-connected inverter are divided into the fundamental and harmonic models through model decomposition. For this purpose, the grid voltages, inverter currents, and inverter output voltages are defined as follows:
e qs = E qs + e qsh (3) e ds = E ds + e dsh (4) i qs = I qs + i qsh (5) i ds = I ds + i dsh (6) u qs =U qs + u qsh (7) u ds =U ds + u dsh (8) where the subscript "h" denotes the variables in harmonic components, and E, I, and U represent DC quantities, respectively. By substituting (3)- (8) into (1) and (2) 
where the symbol "*" denotes the reference quantities, and K P and K I are the PI controller gains, respectively. To eliminate undesired harmonic current components effectively, the predictive control approach is employed based on the harmonic models in (11) and (12) as follows:
where T is the sampling period. Using (13) through (16), the inverter reference voltages of the proposed control scheme are computed as follows: 
IV. SYSTEM CONFIGURATION
The entire simulation is done by using the PSIM software and the main controller is implemented with the PSIM DLL block. Fig. 3 shows the simulation structure for the gridconnected inverter. The sampling period is set to 100 μsec both in the simulations and experiments. To apply the computed reference voltages to a grid-connected inverter, the symmetrical space vector PWM technique is employed. Fig. 4 shows DSP-based controller for a grid-connected inverter. The whole control algorithms are implemented using 32-bit floating-point DSP TMS320F28335 with 150 MHz clock frequency [8] . DSP TMS320F28335 has 256K word of on-chip flash memory and some peripherals such as an internal 12-bit AD converter and 16-bit PWM port. The intelligent power module (IPM) is employed for three-phase grid-connected inverter. The inverter phase currents are detected by the Hall-effect devices and are converted through internal 12-bit A/D converters, where the resolution of current is 18/2 11 [A] . To isolate between the grid-connected inverter and grid, three-phase wye-delta double winding transformer is employed. fifth-order, 7.1% of the seventh-order, 4.5% of the eleventhorder, and 3.8% of the thirteenth-order harmonics, respectively. These harmonic components are injected into the ideal grid voltage. Fig. 6 shows the simulation results under distorted grid voltages only with the PI current control scheme. It is observed in these figures that the harmonic components are not suppressed well. Three-phase currents are severely distorted and large harmonic components exist in the fifth and seventh order due to the distorted grid voltage. Fig. 7 shows the simulation results under distorted grid voltages with the proposed scheme where the predictive control approach is employed using the derived harmonic model to compensate undesired harmonics. The operating conditions are the same with Fig. 6 . It is clearly seen that the current waveforms are much more sinusoidal as compared with Fig. 6 and the fifth and the seventh harmonic components are considerably reduced. Fig. 8 shows the measured actual three-phase grid voltages in the laboratory. The actual grid voltages are highly distorted with major harmful low order harmonic components. In the experiments, these distorted grid voltages are used for grid connection of inverter. Fig. 9 shows the experimental results under distorted grid voltages only with the PI current control. From the top, Fig.  9 shows the q-axis current, d-axis current, a-phase current, and the fundamental current component i asf extracted from aphase current by the band pass filter, which indicates how much the phase current deviates from the pure sinusoid. As a result of poor harmonic rejection capability by the PI controller, the harmonic currents are significantly large and the q-axis and d-axis currents have quite fluctuating waveforms. Also, these waveforms clearly show the actual a-phase current is quite non-sinusoidal and distorted.
V. SIMULATION AND EXPERIMENTAL RESULTS
On the other hand, Fig. 10 shows the experimental results of the proposed control scheme under the same distorted grid voltages. As a result of an effective suppression of the harmonic components by the proposed scheme, the harmonic currents are significantly decreased, and the q-axis and daxis currents can be regulated to the reference better with a small tracking error. 
VI. CONCLUSION
To enhance the power quality in DG systems even under distorted grid condition, a high performance current control scheme of a grid-connected inverter has been presented. The proposed scheme is achieved through the model decomposition of inverter voltage equations into the fundamental and harmonic components. Based on the derived models, the harmonic components are regulated by the predictive control approach to suppress undesired harmonic components effectively. To demonstrate the validity of the proposed current control scheme, a laboratory prototype grid-connected inverter has been constructed using DSP TMS320F28335 based controller. Through the integrated simulation studies and comparative experiments, the validity of the proposed current control scheme has been proved. As a result, the proposed control scheme can be usefully utilized in a grid-connected inverter for DG systems in the presence of distorted grid condition.
